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Introdfactlon v 

The purpose of the paper is two-fold. In the first part we describe 
the geneT'ation of the electrocardiogram from a biophysical (bioengineerihg)/ 
stai\dpdlnt. In the second part we utilize this information to di'sciiss its 
application to clinical Instruction on electrocardiography* An important 
objective is to illustrate thfe^ducational contribution of biomedica*! 
engineering to the life sciences — with regard to a basically * , . 
"engineering'* process. ^ - i / ^ 

» ■ » 

Elec tr ocar d i o graphic ' Biophy s ic s ^ . . • , . , 

The basic structure of *the heart; is that 6£ a stratified spiral-like 

configuration of muscle fibers circumscribing the. two ventricular cavities.' 

■ * ■ * . , * ■ y. ' 

On a microscopic level the individual cells are arranged in a bricklike 

matirix. When a cell is activated it contributes a current density field 

tliroughout the entire body. That is, the. -body behaves as a passive volume 

conductor with the cell a source of emf. The electrical events give rise 

V . ' ' ; . . 

to contraction oj^ the muscle so that the former iaay be diagnostic of pumping 

capability; hence, the interest in the electrical ^tivity of the heart. 

Since electrical events in nerve and muscle involve frequenciias under 

» * 
10,000 Hss the response of body tissue to endogenous currents can. be examined 

r. . . ^ \ • , . 

through the application of a*c. signkls *Qver\the range 0 - 10,000 Hz. , 
Experimental results shov it to be linear and resist4.ve* Furthermore, fpr 

\ ^ ^ ^' ■ • ' ' - ' 

usual 4imensiluas and lihiaOJLmlting freqitenoy, j^ropagation effects can be ' 

* ' ' ' .<*■.■ 
Ignored V ^ Consequently quasi-static ^folrmulat ions g^OBply* Xwo^JtlSPf con- 

elusions are - (1) that at any iiistant of time the current field resulting 



from maity -^ctive' cardiac cells can be found by '^uperpositian, apd (2) that - 

the current field of a singled cell* catf be found as axsolution to Laplacfe's \ 

equatloii, subject to the Ijoundary 'conditions ^imposed by the^cell and fts 

* »* ^ ' . ■ 

environment*. ' ■ ^ 

' • ♦ ' ' '. ' " . . 

With the latter conclusion in mind, consider the single cell, illustrated 

Figure 1.. We assume this cell to be lyin^ in a uniform volume conductor 




J 0 

Fio, l*rho single coll in a vohuno conductor. ITity positive surface normal and positive 
transmembrane pnrront are outward. The trannmcmbrnR^ potontiol eqimla the 
intracellular 'ourfoce potential relative to the cxtraceUumr siu-face potential; that is 



of iiHfinite,Wtent of conductivity a ' and whose cytoplasmic conductivity is 

. 0 4# * 

a. and with the potentials * just outside and *. just insid6 the bounding 

membrane. Now a characteristic of an active cell ife that t . - t n y (the 

^ : . \ « . V i o m* 

transmembrane potential) must be non-zero and, in fact a. function Jd position 
on the cell surface. , Since biological membranes are very thin th^y may be 
considered as mathematical , surf aceis so that regarding the potential f ield 
4 we m^f^t^ have . ^ t * * - 

57 * » 0 (* satisfie^s Laplace^s equation everywhere.) ^ (1) 

* ■ ■ \ • * 

*i *o'' \ " ^ (Over the membrane surface S, * ia discontiyiuous.) (2) 

• ■ v' ■ 

' . ' ■ % ■ ■ • ' 

— 3n irT" (continuity of current across the membrane) (3) ^ 

J " cE « -aV* (Ohms' Lasy in differential form). 



In the above, ri is n the outward normal to the c6ll surface. NowMefine 

. \. . ^ " • ■■ ■ ' . ■ ■ :^ ■ 

* - C*. Then J . 

2 • ' * \ I - ' . 

V f = 0 (everywhere) . v " 

- ^ _ ^ 0 (on S) . .' . (5) 



(on^S) - - (6) 



3n 3n 

From" potential theory the function ^ satisfying the above conditions 
(solution to-Laplac^'s equation, continuous, derivative, everywliiere, dlscon- 
tlnulty over tlj.e 8urfa<|e S) must be related to the discontinuity over 
S, namely, , , ' 

' >=^nVV^^s/ .* • (7) 

whero r is the distance from the source point to the field point, Solving 
for $ gives ... ^ . ^ - • 

^ * - 7~ / *-a,*.J dS ' (6) 

V - . 47rcr ^^00 i i' 3n ^ ' 

and d takes the' value a^\or internal and a^'for external fields, .Equation 
* • . ■ ' *• 

(8) pennitsS, in principle, the determination of the electric field (hence 

the current field) from knowledge o#^ the cellular conditions. The sources* 

in engineering ^rms, is described as a double layer (dipjxLe moment per unit 

area) function 'lying in the membrane, oriented along the outward normal7*^nd 

of strength (a * • ' 

O O X . X ' - 

: - r • V . 

• " • . «*' 

A determination of the double layer source fo.r a cardiac cell from the ^ 

e 

biophysics of cell membrane processes is not possible with* the current knowledge 



of the field. 'In fact, spatial measurements of the* electrical potential over 
a cell's surface have never been itiade. However, macroscopic measurements 
of fields within the hear-t muscle suggest that the sum effect of such 
double layers of many tfells Is Itself a uniform electromotive <double- ^ 



layer) surface which propagates uniformly from tHe Inner to outer wall of 

/ • / 

Ntfhe heart (roughly). If one imagines that excitation can freely pa$s froni » 
one cell to those adjoining it, as if ^there were Intercellular contacts 
that permitted unimpeded flow of cuirrent between cells, then the ^double 
layer source of Indivld^ial cells could combine to produce such an electyo- 
motive surface. In fact, utilizing a freely intera'ctJing model, one predicts* . 
the resultant electromotive surface 'to have a finite thickness and*, for it 
to consist of a dipale moment density that varies as an error funotion, and 
thi^s'^is consistent with the mac:([oscopic measurements. Unfofiiunately, Cl)is 

model is not completj^ly consistent with known hl^tolLpgy* *The basic process 

. ' * * * 

of spread of activation as h ^wiSyelike' phenomenon is, at least,' an experimental 
'«fact# The 'location of ^tfch surfaces at "successive instants of time has been 
determined from recordings from multiple-electifrode needles inserted ipto the 
beating heart. An experimen^l 4^termination 'shown in pross-^aectiofi for the 
human heart is Illustrated in Figure ' . * ' 

From an engineering standpoint, one should be able to evaluate the current 

*3 , . * ' 

^^.slteleld in .l^he torso at some instant of time, 'given the geometry of the activatjoi 

8Utrface(s) at that moment and the geometry and conductivity of all elements; 

making' up * the volume conductor of i^tljp body. The effects of ihhomogeneities 

, catif in fact, be considered by applying equatic^ns (4)^- (6) at each interface 

between regions of *diff erent iconductivity in which case one can confirm that 
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FIGURE 2 Isochronous bnes of activation of the Miman heart. (From Durrer, D. ci ah. ToUl excitation of the Imman 
hcaxueircu!aiion,A\,B99, 1910). ^ • • 



diie to surface , a potential field ^ — - * 

results. In this equation a" is the conductivity on one side- and a\ that 

on the other side of 'the interface while n is oriented from prime to double 

prlmCi region'. The effect of* the discontinuity in conductivity is the intro- 

• ' "' ' . ^ ' ' ' ■ 

du^tion of secondary double layer sout^ces of strength" j?;^portlonal to the 

potential times the discontinuity in conduct ivitjr. An important such 



discontinuity. Is that at^the torso surface, since this Is^an Interface 

> • • J - 

• with the external (totally .non-conducting) surroundings. 

Although there are gaps Insour knowledge, the aforementioned descrip- 
tion of the generatloft of the electrocardiogram (the "forward problem") 
is reasbnably well understood. While thls-^natter Is of great Intere^ to 
the cardiac physiologist and of indirect Interest to the cardiologist. It 

. ' ^ ' . ; 

does not ^xactly address.' the problems of the latter* For the clinician, 
the electrocardiogram Is the "given" Infotmatlon and It is the sources In 
the heart which must be determined therefrom (the "Inverse problem").^ 
Unfortunately, more than one soVirce can (theoretically) give rise to the 
^aane electrociardl6gram*^o that the Inverse problem is ambiguous. And, for 
a given slgnal-t?0'-nolse ratio, the ambiguity is further* increased . ^Much, 
present effort is beln^ directed to a study of this problem* If one is 
content to determine tKb net af^tlvity in a limited number of zones of the 
heart, and if one Imposes fiiom the outset some physiological constraints 
(e.g., activation surfaces are directed outward from the heart), then some 
limited success can be obtained. But more work is needed to sharpen oyr 
'quantitative understanding of the capabilities and limitations of 3uch 
multiple 'source Inverse electrocardiography. 

■ - • ■ ■ " ' \ 

Slmpllf ications .and ApproximationB '^ - » ^ 

The Inverse problem can be simplified Immeasurably if /one is willing 
to make twp assumptions. The first is that the torso Is homogeneous** The 
second is to Ignore the distrlbutlnn of dipole elements in the activation 
surfaces and consider the generator as the vector sum of all momentarily 



existing double layers,' that is, as a single dipol^ (whose orientation 

and 'magnitude is fr^e to vary as a function of the progressing activity). 

In this 'c^se a simple relationship exists between the heart dipole 

source (call it H) and the voltage, meamired between two points (say a QAd 

b) on the body surface Of^^)* For suppose that H = la^ (unit magnitude 

in the x direction) produced a voltage 1^ in "leads" (a,b), and H ° la^ 

a voltage 1 , and 5= la a. -voltagfi 1 . Then, .because the medium is 
y ,-' z ' z*' 

* f 

linear, .when H ° h a + h a +-h a , ^ • 

. ' X X y y z 2' , , ^ ^ 

V , ° h 1 + h 1 • :f h 1 ' (10) 

ab X X " y y * z z - ^ ^ 

Since this is in the form of ,a vector dot product one can write simply 

where ' , * . . 

L ° 1 a + 1 a 4- 1 a (12) 
xr X y y z z ^-^^^ 

The' vector L* is known as the lead vector and it- is a*property of the lead 
(i.e., electrode pair a, b) location as well as the heart vector location - 
it is a property of the geomdtry. One can measure lead vfiQtors using An 
electrolytic tank the shape o^'the torso. 

From three independent leads (thfee independent voltage measurement^) 

the unknown, but desired, heart vector coniponents (h , h , h ) can be fouf 

\ ■ X y 2 

Special leads can be located Vor constructed by linear combination) such t 
^L^"- a^, ^y* ^ ^ ^hesel constitute ail orthogonal lead system - 

the compoi^ents of H are then obtaip^d directly. Since the heart vector is 
in fact, a distribut'ion of dipol^ elements it is desirable that the lead 



9 



\ \ be -independent of position. of the dipole source within the region 

of the heart. This criterion can be satisfied .only approximately with 

« . ■* ' , . * * • 

practical leads. Several clinical systems of "vectorcardiographies leads 

are in use today and they include- the McFee-Paratigao , Frank,* SVEC III,, 
cube, and tetrahedron. ^ ' ^ * 

Most clinical electrocardiograms are "bbtained ijslng 'leads whose lead 
vectors have not been optimally chosen --r but have been adopted out of 
histjorical pir^cedents.i Th^i lead farmed from the left artn (left wirist 
is roughly dt*the same potential' and electrodes are easier to attach at 

■ "* , i ■ ■ 

this point) relative to the right arm is V and 'the lea^ vector turns out * 

, ■ • «t X i ■ - . 

(from torso ta^k studies) to be rouRhl'y along the anatomical direction 

■ ' . * • I 

from right (arm) to left .(;arm) . '$Ms corresponds to the vectorcardiographlc 
X directjlon. The "precordial lead" formed from an electrodts in the foutth 
interspace just to the left of th^i stethum relative to a reference electi^fee 
derived from the mean potential of left and right arms and left leg (the 
Wilso9 central terminal) , is V^. It is roughly in the -anterior-po^tetsj^r 
direction which is the vectorcardiographlc axis* V-^ a^^precordial lead . 
from the fifth interspace and anterior axillary line relative to the ceritral 
terminal is another" x "lead. The left foot relative to the central terminal 

^ - ' ■ ■ ..Vi^ / / . . ■ 

corresponds to a superior-inferior, or y-oriented, lead vector. In this 



way the' scalar leads of conventional electrocard^iography can be put into a 
more contemporary 'form as ^'onstltutipg an uncorrected (witlj regard to^ma^ni- 
tude) but- roughly orthogonal lelid syatm permitting some quantitative 
statements aboutgihe heart veclpr.f One niaJ-Sr difficulty with" vectorcardio-' 
graphic use of the EGG is that •llinicaf records are frequently taken sequen- 
tialUy^hus permitting only gd|ases , regarding isochronous events. 



The lead vectdirsv^porresponding to Left and right arms (V_) , lief t leg 
and left arm (Vjjj),and leS: Ifeg and right arm ^(V^^) wer^ considered to form 
an equilateral triangle (Einthoven triangle) • From torso tank experiments 
the triangle is seen to deviate considerably from tliis ideal; There is » of 
course, no reason to expect the lead vector to correspond to the vector 
joining Tead locations — in fact, the magnitude of the lead vector depends 
on the relative location o% the source. " ' 

The above details are set irf^thti larger electrocardiographic process. 

This begins with the autfomatic depolarization of cell^ in the heart's SA 

node until tlieir threshold is reached. A consequence of i their firing io the 
• . * 

initiation of local currents which cause the activation of adj'acent cells so 
that. the process spreads throughout both atria. Special conducting cells 
(tracts) convey the activity to the AV node (the sole intercdnnecting link * 
with the ventricles) . Activity passes into the specialized conduction 
tissue of the common bundle and emerges, considerably delayed, in the ven- 
tficular septum thence to follow rightyapd left bundles, and f inally ,to 
reach the inner surface of the right and left free walls, as well as. th^^ 
septum, via the arborized Punkinje tissue. This initiates the activation 
of the ventricuJLar walls and septum and gives rise to the activation wave 
already commented on. The temporal sequence of events is quite definite 
physiologically ^v^A the surface electrocardiogram reflects t^is. Thus,* as 
illustrated in Figure 3, the P, QRS, and T waves are reliable features 
which characterize -atrial and ventricular activity and ventricular recdyery, 
respectively. Their- time intervals and durations are relatively easy to 
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Flg» 3 Si(;niricant features of otandard fccalar) clcctrocardiofp-ttin. 



measure and, when outside the normal range, are amenable to s4lralghtf orward 
explanations based qn the normal pattern describe^ above, , * 

The Clinica^ Electrocardiogram; i * 

V * o , '* *■ ' . 

* ' *■ 

While it 1§ not the*' purpose of this paper to consider clinical diagnosis 
of electrocardiograms we do wish to consider }iow the above material 'can be 
presented' as useful background for such clinical *Qtudie^s.- The description of 
the heart as a complex source is not useful since we do not yet have the tools 
to evaluate it in inverse electrocardiography/ However, the single heart 
vector (heart dipole) is realizable and this should" (and do^o) form the basis . 
for clinical 'treatments. 

By heart vector we mean a single dipol'e with a certain orientatlon^and 
Strength. The nStur^ of a dipole source in an unbounded region can be . 

■ ^ ' r ^ ♦ .■ 

d08crit?ed by a grapTtlcal presentation of i.ts current flow field, as shown in 
Flguife 4. This is useful for a grajphical appreciatloti of the dipole fields 

. 12 ' 
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positive terminal and returns to the n'egative terminal along the paths shown. The Vector 
(heaA^y arrov^d shows the orientation of the ba 

thc^c conditions, since the battery provides a soUrcc-sihk cbmbinatiori'ft is charactcjc|zcd 
Wa dipole. The yei?tor representing this '(dipoie) propcrty.of thc= battery lias grientatioa , ^ 
^rom negative to positive within the battery) and magnitude (strength of the d^^^ 
jio the battiry cmf). Several interrupted linisis of equipotential, and their relative values, 
are shown, I - ^ / ' . - 

' ™s phj^ical exarnplc is analogous to the elcctrocardw^^ 
case, thp active inuscle iA the heart constitutes the^^^^^^ 
* from the positive rcfgion (Itavcs the hcaVt) into the torscf volume conductor and rqturhs to^ . f^^' 

, the negative region of the hcarl. Since the region of activity shifts from moment to moment. ' . 

the dipolc characterizing it is Continually changing orientation and magnitude, the current . ^ 
jiV flow field and associated surface potentials changC'Concomitantly. ' , . ' » 

' ^ , \ ■ > . .; -^^ ■ ' : ^^ ' . .. 

■ .\ >Jif^*nation of the lead vector is intuitive and serves as a. basis for 

the ii'lterpretation of the voltage recorded, by any single lead and its .rela- 

2' - ■ - ■ ' • ■; ■ ■ . . . ' ' ■ ' ■ / . ■ ' ' ^^ 

^io^iship t:<?— the-heart veatoi^* — ^he- loeu& -o#^ ther hearts v^ct^r- i^^he vector 

^opp which is 5 in fact, the goal of 'conventional inverse elect|rocardiography. 
. . As practice in construction of le^d voltages f|:o^^«^ known heart vector (or 

vltfevversa) such construction as shown pLtt^^FigUrle 3 is useful. That the lead . 
> voltage is . the dot ^product of heaftfvectfo^r vector , leads to discussion 





(4) 
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Fig- 5 (Legend) In (a) several suqceSsive heart vectors are depicted as well " 
as the locus of the tip of The heart vector *(b) th^ vector loop alone is shora, 
the arrows indicate -the ^dteee-tion of inscription.* The heart vector at the 
instant ta is drawn from the origin . to the point corresponding to ta, (c) 
Electronically the 'Vectorcardiogram can be blanked at regular intervals (normally 
•002 seconds apart) for timing purposes. In addition each segmfent is given a 
teardrop shape by ercctronic means 'inscription being xevealed^in this way (from 
pointed. to Jblunt end), (d) The Voltage that would be measured by an x or z 
directed lead is the projection of the loop (the heart vector, actually) on t^e 
lead i^ector OX or OZ as a function of time. Point 1 is the beginning (see (b)). 
At T)oint (2) the 'heart vector is directed tp the right, coftseqyientiy the ^ 
projection on x is maximally negative while there. is zero projection on z. 
At point (3) the heart vector is in the .anterior direction so Vthat Oz is 
positive while OX is zero/ At 4 the maximum positive projection on z is reached 
while the x vojltage is still increasing. At 5 * the x corapdnent is maximum 
positive (vector to the left) and, no z voltag'te is attained. At (6) the x ♦ « 
voltage is reduced while the z, voltage ijs maximally negative. 



of vector projection. Explanatioiis for positive or negative going voltages 

* - ■ * ■ . ..■ ■ • ■ • • . ^ • » ' 

Q can be given in terms of the necessary orientation of the^ heart vector. 

, At this point it is useful to review the normal activation s'equence* 
Excitation begins on both septal surfaces, although a bit earlier in the left- 
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Thus, wtthln the -^ep turn, activation (hence dipole surface 'orientation) . / 
f rem bp^h right tfb left and' left to right exists, but the predominance 
ie*ft' to .right * (Tbis^means that the net heart vector should have a 
negative x component, initially •) The activity starts about two thirds 
of ^ the distance^ down the jseptum, near the^ termination of the right and-- 
left septal bundles (consisteYit with the 'known ^anatomy) . After septal 
excitation has begun, activity moves out to the inside of the f ree* w-all • ; 
and to the apices (via the Purkinj'e system).. Onr the right side this is 
maittly anterior, ^following the Purkinje spread, whereas on the left it is - 
both anterior and posterior. The septal ^activity spreads slowly up the 
sejptum* The first large mass of ventricular tissue to be depolardzed, 
fcP-lowing the septum, is the inferior, "aT3iterior leftward portion of tl^e 
i^jtght ventricle. Although post^ior 'spread in the left ventticle begins 
Virelatively early, mast of the posterior left ventricle remains to^i^e ' 

-/'' ^ • ■ ■ . ■ ; ■ " 

depolarized after apical depolarization is completed. Af teV 'the apical 
myocardium has been excited much of thfe remainder of the excitation wave 
is outward. The lateral w^ills of the right ventrLicle are depolarized 
ahead of the thicker left ventricle. , The final areas to be activated are 
the posterior left ventricle, the posterior-basal left ventricle and the 
superior septum.* . ^ 

% ■ ■ 

From this electrophysiological picture the normal locus of heart 
vector can bq roughly correlated with the underlying double layer sources* 
In this way vectorcardiographic interpretation need not be entirely empirical 
but can rest pri a realistic physiological picture, * The consideration of a 
.net heart vector as the ^resultant of separate vec-tor, activity in the right 



and left ventricles is an approximation since the vectox regions a*re 

. ' ' . * . • ■ ■ ■ . •• 

clearly separated and not at the same pointv.VThis is the Isasis of the 

' ' ■" • • • •. 

approximate nature of vthe dipole representation* of heart; activity and /* - 

-is important to point out. (It explains^ the npn-dipolarity of the, heart;, ' 

particularly ijj^ceable in mid-QRS). The mechanical co.unt€?rj>art'of a . * 

force cpuple applied to a rigid body yfLelds. a net zero resultant force; / 

but, nevertheless, a torque exists. This has its counterpart when $ujtoing 

.isolated activation vectors^in the heart to proctuee a net h^art vector, a 

process that ignores the higher order moments that c^-^lgnificantly contri^ 

bute to the electrocardiogram. . 

The nature of lead vectors — their approximate relationship to the 
physical location of electrodes — can be explained.. It can then be ^ 
pointed out that the Einthoven triangle (see Figure 7) is, Indeed, an, 
idealization. The actual leaH vectors arising from electblytlc tanlc 
studies can be provided as a contrast --as we show^in Figure 6. In this 
way some further appreciatibp of care in the interpretation of the vector 
Iqpp can be introduced. 

Electrocardiography has prove^^^^l^ts value as ail empirical tool. Bio- 
physical studies in electrocardiography have as their goal the development 
of increased diagnostic capabilities^sing sophisticated engineering techniqui 
Some'o^ these developments and conceiJts are useful to- the framework of 

clinical electrocardiography, as we have attempted to^olnt out in this paper 

. 0. . / • ' ..... ^ - 



+ V + 

6 Burger triangle, 5catene 



Leg 

7 Einlhoven . triangle, equilateral* 



Fijjr^re 6 , The Burger triangle. 
The^ sides of this triangle are 
the lead vectors for V^, V^^, 
V as determined from an 
electrolytic tank measurement. 
Tlfia triangle, actually. Is not 
In the frontal plane-.- . ^ ' . 



Flgiiye 7 * The Elnthoven triangle. 
This Is an Idealized equilateral 
triangle composed of the lead 
vectors of the limb leads. 
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